ABSTRACT. Several thin clay-rich horizons occur interbedded with Mississippian (Viséan) limestones in the Namur-Dinant Basin, southern Belgium. These have been interpreted as diagenetically altered volcanic ash layers (bentonites). Whole-rock geochemical analysis of several bentonites was undertaken to provide insight into their original magmatic composition. Ratios of several trace elements that are considered to be immobile during diagenetic alteration and indicators of petrogenetic processes suggest that most of the bentonites were originally trachyandesitic to trachytic ashes. Furthermore, the coarse grain size of euhedral zircon phenocrysts (up to 400 µm in length) suggests a proximal volcanic source. Zircon U-Pb isotopic ages and wholerock geochemical data from these bentonites were compared with literature data from volcanic and intrusive rocks in adjacent areas, and suggest that the bentonites were sourced from volcanoes within the Variscan orogenic belt.
Introduction
Several clay-rich horizons interbedded with Mississippian (Viséan) limestones in the Namur-Dinant Basin (NDB), Belgium, are interpreted to be diagenetically altered volcanic ash layers based on their lateral continuity, clay mineralogy and heavy mineral assemblages (e.g. Thorez & Pirlet, 1979; Delcambre, 1989 Delcambre, , 1996 . Whilst several aspects of these clay horizons have been studied in detail, their original (unaltered) volcanic composition and the location(s) of the source volcanoes are not well constrained. The whole-rock geochemistry of altered volcanic rocks such as bentonites and tonsteins has been employed in several other studies to gain information about the composition of the original (unaltered) ash layers and ultimately the magma from which they were derived (e.g. Spears & Kanaris-Sotiriou, 1979; Merriman & Roberts, 1990; Huff et al., 1993; Christidis et al., 1995) . The major elements, which are routinely used to classify fresh or slightly altered volcanic rocks, are of limited use when classifying extensively altered volcanic rocks because several elements, including K and Na, are known to be mobile during weathering and diagenesis (Winchester & Floyd, 1977; Floyd & Winchester, 1978; Zielinski, 1982; Christidis, 1998) . Instead, the classification of altered volcanic rocks relies on trace elements including Ti, the high-field-strength elements (HFSE) Hf, Nb, Ta, Zr and the rare-earth elements, which are generally considered to be immobile during most upper crustal processes and are also indicators of petrogenetic processes (Floyd & Winchester, 1978; Huff et al., 1993) . There are potential pitfalls associated with using whole-rock geochemistry; for example, aeolian fractionation of volcanic particles during transportation can modify the bulk composition of a distal ash layer (e.g. Huff et al., 1993) . Likewise, post-depositional processes such as sedimentary reworking can modify wholerock geochemistry (e.g. Clayton et al., 1996) , although detrital additions can commonly be detected by studying the bulk mineralogy and heavy mineral assemblages of bentonites. As part of a wider study, several bentonites in the NDB were sampled for whole-rock geochemical analysis to provide insight into their volcanic source(s). Whole-rock powder X-ray diffraction (XRD) analyses were also undertaken to provide mineralogical constraints on the bentonites and to help explain the geochemical variations observed between different bentonite samples.
Geological Setting
The Namur-Dinant Basin of southern Belgium lies within the northwestern part of the Rhenohercynian fold belt (Poty et al., 2001 ). The basin was initiated during Devonian times as two separate basins, the Namur Basin to the north and the Dinant Basin to the south, which were connected by early Carboniferous times (McCann et al., 2006) . The basin is dissected by the Midi Fault, a major E-W trending Variscan thrust fault ( Fig. 1) , which separates the Brabant Para-autochthon to the north from the southern Ardenne Allochthon ( Fig. 1 ; Poty et al., 2001) . Mississippian carbonate strata crop out on both sides of the Midi Fault and are inferred to have been deposited within the same sedimentary basin (Poty et al., 2001) . Seven sedimentation areas (or depocentres) have been recognised within the basin ( Fig. 1 ; Poty, 2016) . These are distinguished by different sedimentation patterns during Tournaisian and early Viséan times, when both differential subsidence and the development of Waulsortian mud mound facies generated topographic irregularities . Later in the Viséan, sedimentation within the basin became more uniform and lithostratigraphic units can be traced between the different sedimentation areas (Fig.  2) . The basin is inferred to have evolved from a south-facing homoclinal ramp during early Tournaisian times to a rimmed shelf during early Viséan times and then into an aggrading carbonate platform during middle to late Viséan times (Hance et al., 2002) .
Early Livian strata of the Lives Formation are well exposed in several areas of the basin (Fig. 2) . Late Livian rocks, whilst also well exposed, are brecciated across a wide area of the basin (Grande Brèche Viséenne; Fig. 2 ). Brecciation is thought to be related to the dissolution of evaporite horizons and/or an early phase of Variscan shortening (Poty et al., 2001 and references therein). Unbrecciated late Livian strata are restricted mostly to the northern Namur sedimentation area (NSA; Poty & Hance, 2006a; Fig. 2) . The Warnantian stratigraphic record is incomplete within the basin; the most complete stratigraphic records are found in the Dinant and Condroz sedimentation areas (DSA and CSA respectively), where only latest Warnantian strata are missing ( Fig. 2 ; Poty & Hance, 2006b) . To the north and east within the basin, the amount of stratigraphic omission increases and extends stratigraphically downwards; in the northern NSA, Namurian siliciclastic strata rest upon latest Livian to earliest Warnantian strata (Hance et al., 2002; Poty & Hance, 2006b; Fig. 2) . The Livian and Early Warnantian stratigraphy comprises alternations of subtidal bioclastic limestones overlain by intertidal to supratidal micrites and stomatolitic boundstones which have been interpreted as shallowing upwards parasequences (Pirlet, 1963; Chevalier & Aretz, 2005; Poty & Hance, 2006a , 2006b . Using U-Pb zircon chemical abrasion isotope dilution thermal ionisation mass spectrometry (CA-ID-TIMS) dates from bentonites W8 and W13 (Fig. 2) , Pointon et al. (2014) determined that the intervening Early Warnantian parasequences have an average periodicity of 101 -129 kyr / cycle and are consistent with the c. 100 kyr Milankovitch cycle, which is the dominant Milankovitch frequency recognised from recent Pleistocene glacial records (e.g. Imbrie et al., 1993) .
Viséan bentonites
Several clay-rich horizons ranging in thickness from c. 1 to 30 cm occur interbedded with Moliniacian to Warnantian (Viséan) limestones and have been interpreted to be diagenetically altered volcanic ash layers (e.g. Thorez & Pirlet, 1979; Delcambre, 1989) . The horizons have been termed cinerites by some Belgian workers (e.g. Delcambre, 1989 ) and K-bentonites by others (e.g. Thorez & Pirlet, 1979) . Their mineralogy has been studied previously (Thorez & Pirlet, 1979; Delcambre, 1989; Anceau, 1992 Anceau, , 1996 and is only summarised here. The bentonites comprise mostly polymineralic clays, including mixed-layer clays (illite/ Sedimentation areas are redrawn from Poty (2016; not palinspastic) . ASA = southern Avesnois sedimentation area (see inset map), CSA = Condroz sedimentation area, DSA = Dinant sedimentation area, HSA = Hainaut sedimentation area, NSA = Namur sedimentation area, VASA = Vesdre -Achen sedimentation area (see inset map); VSA = Visé-Maastricht sedimentation area (see inset map). The rectangle in the inset map shows the area of Belgium covered by the main diagram. The Midi Fault separates the Brabant Para-autochthon from the Ardenne Allochthon. The topographic base map is after Jarvis et al. (2008) .
Figure 2.
Lithostratigraphic framework for the middle to late Viséan of the Namur-Dinant Basin, redrawn and modified from Devuyst et al. (2006) , Poty & Hance (2006a , 2006b ) and Poty (2016) so that it is scaled by U-Pb isotopic age. Ages shown in black are interpolated from the bentonite U-Pb zircon dates whereas ages shown in grey are extrapolated; interpolation / extrapolation was done using the OXCAL program (P_Sequence routine, input parameters: 1,5,U(-5,5); Bronk Ramsey, 2008; Bronk Ramsey & Lee, 2013) . Bentonite U-Pb dates are from Pointon et al. (2014) except that of bentonite L1 (Banc d'or de Bachant) which is from Pointon (2012) . U-Pb zircon date uncertainties are given in the ± X/Y/Z notation of Schoene et al. (2006) where X is the internal error, Y is the internal error plus tracer calibration uncertainties and Z is the internal error plus tracer and U decay constant uncertainties (all 2σ / 95% confidence). Mississippian Foraminifera biozones and Rugose Coral biozones are drawn following Poty et al. (2006) . Third order sequence stratigraphic cycles are drawn following Hance et al. (2002) and Poty & Hance (2006b) . AMI and AMS, Lower and Upper members of the Anhée Formation respectively; Arns. = Arnsbergian; AWI = Awirs Member; BAB = Bay Bonnet Member; CIE = Corphalie Member; Fm = Formation; GB = Grande Brèche Viséenne; HEM = Hemptinne Formation; HLW = Haut-le-Wastia Member; MZT = Maizeret Member; Pen. = Pendleian; POI = Poilvache Member; SAL = Salet Formation; SEI = Seilles Member; Serp. = Serpukhovian; TER = Terwagne Formation; THO = Thon-Samson Member. The base of the Serpukhovian Global Stage has not yet been ratified but will probably be chosen to coincide with the first appearance datum (FAD) of the conodont Lochriea ziegleri (Sevastopulo & Barham, 2014) . Lochriea ziegleri has not been reported from the Namur-Dinant Basin; however, the boundary can be tentatively correlated to a level within the uppermost Lower Member of the Anhée Formation using foraminifera (Conil et al., 1991; Poty et al., 2006) and ammonoids (Pirlet, 1968; Paproth et al., 1983) in conjunction with the correlations between the FAD of Lochriea ziegleri and NW European ammonoid / foraminifera biozones suggested by Barham et al. (2015) .
West locality, a weathered section in a now disused quarry, bentonite L4 comprises two visually distinctive layers (a lower orange plastic clay layer and an upper black poorly consolidated layer), bentonite L5 is orange-black, internally homogeneous and poorly consolidated, and bentonite L6 is orange, internally homogeneous and has a plastic, claylike texture. The thickness of each bentonite varies laterally between c. 3 -5 cm. In contrast, in the active Engihoul quarry, although the bentonites are of a similar thickness to those at Awirs West, the colours and textures differ as they are freshly exposed: bentonite L4 is a dark grey, homogeneous, well consolidated, fissile, silty claystone and bentonite L6 is a pale grey, homogeneous plastic clay layer. Bentonite L5 was not sampled.
Several bentonites were sampled from multiple localities within the basin (Fig. 1) to determine if significant lateral chemical and mineralogical variations are present. In the Livian stratotype section at Lives-sur-Meuse, bentonite L1, which is more widely known as the Banc d'or de Bachant, is represented by a single bentonite layer. However, towards the south and east of the basin (ASA, DSA; Fig. 1 ), at the same stratigraphic level, up to three bentonite layers separated by thin limestone horizons occur within an interval of <1m total thickness (Delcambre 1989 (Delcambre , 1996 . These closely-spaced bentonites are dominated by S18, S19, S23 and S24 prismatic zircon shapes, similar to bentonite L1 elsewhere within the basin (Delcambre 1989 (Delcambre , 1996 . Consequently, it has been suggested that these horizons coalesce towards the north and west of the basin where bentonite L1 is represented by only a single layer (e.g. at Lives-sur-Meuse; Delcambre 1989 Delcambre , 1996 . In this study, the splitting of bentonite L1 was observed at Sosoye, where a lower c. 15 cm thick bentonite (L1a) and an upper c. 2 cm thick bentonite (L1b) occur separated by <1 m of limestone. At the other three sampling sites (Fig. 1 ) only a single bentonite L1 horizon was observed.
Samples were also collected from the base and top of three bentonite horizons (L4 and L6 from Awirs West quarry and W8 from Anhée Nord) to investigate for vertical geochemical stratification within the bentonite horizons. Bentonites L4 and L6 in Awirs West quarry have been described above. Bentonite W8 at Anhée Nord is c. 18 cm thick, red-brown, silicified and internally homogeneous.
Whole-rock geochemical analysis
Samples were crushed in a tungsten carbide jaw crusher to <3 mm grain size, dried at 105 °C overnight and then comminuted using a Retsch planetary ball mill equipped with a 50 ml agate grinding jar or a TEMA tungsten carbide ring-andpuck mill. The use of a tungsten carbide mill and jaw crusher can add trace quantities of tungsten and cobalt to samples (e.g. Buhrke et al., 1998) , so tungsten concentrations are not discussed, while cobalt concentrations were not determined. Whole-rock geochemical analyses (major, trace and rare-earth elements) were determined from 6 -8 g of sample at OMAC Laboratories (now ALS Loughrea), Ireland. Samples were analysed following their lithium borate fusion (BF ES/MS) protocol. Major elements were measured using inductively coupled plasma atomic emission spectroscopy (ICP-AES), whereas trace and rare-earth elements were determined using inductively coupled plasma mass spectrometry (ICP-MS). The accuracy of the analyses and the stability of the ICP machines were monitored by interspersing analyses of inhouse standard materials between unknown sample analyses. Replicate analyses were undertaken every 10 unknown analyses, the reproducibility of which was better than 10% (2σ), except where analytes approached the limit-of-detection. Replicate analyses were averaged and these are used in the interpretation below. Analytes below the limit of detection are arbitrarily assigned a value of half the limit of detection in the figures; these are clearly labelled in Table 1 and predominantly affect the limestone analyses. Loss-on-ignition ranged from 8.03 to 32.84%, with the highest values recorded in samples that contain substantial carbonate (e.g. M from Malonne, L1b from Sosoye and L6 from Engihoul quarry).
smectite, illite/vermiculite, illite/chlorite), illite, kaolinite and/ or Al-rich chlorites (Thorez & Pirlet, 1979; Anceau, 1992 Anceau, , 1996 . The clay mineralogy varies laterally and vertically, both within a single bentonite and between different bentonites (Thorez & Pirlet, 1979; Anceau, 1992 Anceau, , 1996 . Thorez & Pirlet (1979) noted that the clay mineral assemblages are consistent with the early diagenetic alteration of volcanic ash in a marine environment, although some modification during burial diagenesis cannot be excluded as Mississippian strata within the basin have experienced temperatures of up to c. 250 °C based on illite crystallinity and conodont alteration indices (Helsen & Kønigshof, 1994; Han et al., 2000) .
Aside from the volumetrically dominant clay minerals, the bentonites also contain trace amounts of coarsergrained volcanic phenocrysts including splintery quartz, biotite (in varying stages of alteration), euhedral apatite and zircon, and pseudomorphs after feldspar (Thorez & Pirlet, 1979; Delcambre, 1989 Delcambre, , 1996 Pointon et al., 2014) . Primary bentonites, i.e. those deposited from air-borne ash and altered in situ, have been shown to contain a restricted suite of heavy minerals comprising biotite, zircon, apatite and titanite (Weaver, 1963) . The similarly restricted heavy mineral assemblages from most of the NDB bentonites, coupled with the idiomorphic shape of the zircon and apatite grains, strongly supports that the NDB bentonites are largely of primary origin. Many of the NDB bentonites occur interbedded with micritic limestones. The relatively low-energy depositional environment, with minimal clastic input, likely helped to preserve the NBD bentonites and their primary (volcanic) mineralogy.
Zircons separated from three late Livian to Early Warnantian bentonite horizons have yielded precise U-Pb CA-ID-TIMS dates, which were interpreted to approximate the timing of eruption ( U date of 340.13 ± 0.18 Ma (MSWD = 0.96; n = 3; Pointon, 2012; all U-Pb isotopic dates are quoted at the 2σ / 95% confidence level), and provides an upper age limit for the majority of the bentonites studied here (Fig. 2 ). There are presently no absolute age constraints from bentonite M and biostratigraphical control is poor due to the development of widespread restricted, peritidal facies in the CSA and NSA during Moliniacian times Poty et al., 2006) .
Several bentonites have been correlated between different localities within the NDB using zircon typology (Delcambre, 1989 (Delcambre, , 1996 . Furthermore, the uniformity of the Livian and Warnantian stratigraphy across a wide area of the basin (e.g. Hance et al., 2006) permits reliable lithostratigraphic correlation of several bentonite beds across a large area of the basin.
Materials and methods

Samples
Eighteen Moliniacian to Warnantian bentonites were sampled for whole-rock geochemistry and whole-rock X-ray diffraction (XRD) analysis (Figs 1 & 2) . Additionally, wholerock geochemistry was undertaken on two limestone samples from the Corphalie Member of the Lives Formation ( Fig.  2) at Lives-sur-Meuse (samples MAP02-28 and MAP03-02; from c. 1.2 and 7 m below bentonite L3 respectively) and a limestone sample from the Lower Member of the Anhée Formation ( Fig. 2) at Anhée Sud (sample MAP07-41; from c. 4 m above the base of the formation). The field relationships of the majority of the bentonite horizons investigated in this study have been described previously by Delcambre (1989 Delcambre ( , 1996 and Pointon et al. (2014) . Three previously undescribed bentonites within the Awirs Member, Lives Formation, have been observed at Awirs West and Engihoul quarries in the northern NSA (Figs 1 & 2). These horizons are herein named L4, L5 and L6 (Fig. 2) following the nomenclatural scheme established by Delcambre (1989 Delcambre ( , 1996 . At the Awirs Table 1 . Whole-rock geochemistry data from Mississippian (Viséan) bentonites and limestones of the Namur-Dinant Basin.
X-ray diffraction analysis
Samples were dried overnight at 80 °C and then powdered by hand using an agate mortar and pestle. Whole-rock powders were loaded as front-filled cavity mounts and run using a Philips PW1720 X-ray generator coupled to a Philips PW1050/25 diffractometer, housed in the Department of Geology, Trinity College Dublin. Analyses were obtained using Ni-filtered Cu kα radiation, a step size of 0.02 °2θ / s and operating conditions of 40 kV and 20 mA. Sample data were interpreted using the 'Traces' software program (from Hiltonbrooks Limited; http://www.xrays.u-net.com/Software. htm), which is equipped with the ICDD powder diffraction database, and also using the 2θ tables for common minerals of Chao (1969) .
Results
Several previous studies have demonstrated that the majorelement geochemistry of a bentonite is often significantly modified from that of the original ash during diagenesis (e.g. Christidis, 1998; Spears et al., 1999) . Diagenetic modification of the Viséan NDB bentonites is suggested by the high Al concentrations (20 -30% Al 2 O 3 ) in many of the samples, which exceed what could reasonably be expected to occur in unaltered volcanic rocks, and probably originates from residual enrichment. Further geochemical complexity arises from the heterogeneous presence of carbonate within the bentonite horizons, which increases CaO and Sr concentrations whilst effectively diluting other elements. The combination of diagenetic modifications and heterogeneous limestone additions limit the usefulness of absolute concentrations. Instead, elemental ratios are used preferentially to inform on the magmatic parentage of these bentonites. Absolute concentrations are used only to highlight broad geochemical trends; i.e., bentonite samples exhibit a strong enrichment in the large-ion lithophile elements, decreasing enrichment in the high field strength elements and negative Nb anomalies (Fig. 3) . Compared to the enclosing limestones, the bentonite samples typically show 3 to 100 times greater enrichment in all elements apart from Ca, Mn, Sr and U ( Fig. 3 ; Ca and Mn not shown).
Samples taken from the base and top of bentonites L4, L6 and W8 yielded very similar elemental concentrations (Fig. 4) , suggesting that there are no major vertical chemical variations in at least these three bentonites. There is a slight enrichment of light rare earth elements (LREE), P 2 O 5, U and Th in the upper sample from bentonite L4 (Fig. 4) , which may indicate a slightly greater concentration of apatite in this sample. Whilst most of the laterally equivalent bentonite samples show similar geochemistry and mineralogy within the same bentonite horizon, bentonites L3 to L6 from Awirs West and Engihoul quarries exhibit considerable mineralogical variation: the samples from Awirs West quarry contain probable mixedlayer clays and kaolinite, whereas the equivalent horizons at Engihoul quarry contain significant calcite, quartz and pyrite, plus small amounts of clay minerals (probable mixed-layer clays; Fig. 5 ). Despite these mineralogical differences, samples of bentonites L3 and L4 from Awirs and Engihoul quarries show similarities in geochemistry (e.g. TiO 2 /Al 2 O 3 , ΣREE; Fig.  6 ), whereas samples of bentonite L6 show no such similarities (Fig. 6 ).
Excluding the sample of bentonite L6 from Engihoul quarry, some stratigraphic trends become apparent: Cr 2 O 3 / Al 2 O 3 and TiO 2 /Al 2 O 3 ratios are strongly correlated throughout and show a systematic decrease between bentonites M and L3 (Fig. 6 ). P 2 O 5 /Al 2 O 3 (not shown in Fig. 6 ) is exceptionally high in bentonites L2 and W9; with respect to bentonite L2, this correlates with the occurrence of abundant apatite grains in the heavy mineral fraction and apatite inclusions in zircon. There is also a very prominent drop in K 2 O/Al 2 O 3 and increase in MgO/Al 2 O 3 between bentonites W6 and W8 (Fig. 6 ). These bentonites contain measurable amounts of chlorite and have smaller concentrations (W6) or lack (W7, W8) illite-smectite mixed-layer clays (Fig. 5) . The type(s) of chlorite cannot be determined from the whole-rock powder XRD data, but AlMg-rich chlorites including sudoite and clinochore have been reported from some of the 'W' bentonites at Anhée Nord (Anceau, 1992 (Anceau, , 1996 . The transitional nature of the change in K 2 O/Al 2 O 3 , MgO/Al 2 O 3 and clay mineralogy between bentonites W6 and W8 may record a short-term change in ash composition. Conversely, fluctuations in depositional environment linked to ocean connectivity have been argued to control the clay mineralogy of Namurian (Serpukhovian) bentonites within the Pennine Basin (Spears et al., 1999; Spears, 2006) . Whilst such variations in depositional environment were not detected in the field for the limestone succession between bentonites W6 to W8, such environmental changes cannot be entirely excluded.
Most of the bentonites show a strong enrichment in LREE (Fig. 7) , which dominates the ΣREE budget, and accounts for the strong correlation between La N /Yb N values and ΣREE ppm throughout the stratigraphic section (Fig.  6) Fig. 6 ). There is a strong inverse correlation between Eu/Eu* values and Zr/TiO 2 ratios upwards through the section, although the trend weakens between bentonite W3 and W7 (Fig. 6) . Furthermore, there is evidence of a progressive decrease in Eu/Eu* value between bentonites M and L3 (Fig. 6) , which is concomitant with an increase in Zr/TiO 2 ratios (Fig. 6 ). Studies by Wray (1995) and Wray & Wood (1998) have shown that normalising REE data to detrital shale values can be used to differentiate between detrital and volcanogenic clay-rich beds. When presented as shale-normalised REE profiles, detrital clay-rich beds are characteristically subhorizontal whilst bentonites typically exhibit negative Eu/Eu* anomalies, a depletion of LREE, and a depletion or enrichment of heavy REE (HREE; Wray & Wood, 1998) . Most of the NDB bentonites show similar shale-normalised REE trends that are characterised by a depletion in LREE, prominent negative Eu/Eu* anomalies and variable depletion in HREE (Fig. 7) . The exceptions are the two bentonites collected from Engihoul quarry: L6 is characterised by a subhorizontal trend, whereas L4 lacks a shale-normalised Eu/Eu* anomaly (Fig. 7) .
In felsic igneous rocks, whilst the major elements are hosted largely in the main rock-forming minerals, the trace element budget is commonly controlled by accessory minerals (Wark & Miller, 1993; Bea, 1996; Hoskin et al., 2000; Claiborne et al., 2010) . These include apatite and zircon, which are both ubiquitous phenocrysts in the Viséan NDB bentonites. Zircon is a significant host of Ce, Hf, Th, U and HREE (Bea, 1996; Belousova et al., 2002a; Hoskin & Schaltegger, 2003) . Belousova et al. (2002a) further identified zircon as a host for Nb and Ta. Zircons from different rock types show a wide range in trace element concentrations, although in general concentrations increase with magmatic fractionation and range from ppm to percent (Belousova et al., 2002a) . Apatite occurs as inclusions in zircon and as discrete grains within the NDB bentonites. Apatite can host significant amounts of Y and REE (ppm to percent), and typically exhibits a greater enrichment in LREE compared to HREE, although REE fractionation has been observed to correlate negatively with magmatic fractionation (Belousova et al., 2002b) . Like zircon, Y and HREE concentrations in apatite typically increase with magmatic fractionation (Belousova et al., 2002b) . It is feasible, therefore, that many of the trace elements that are routinely used to classify altered volcanic rocks (Hf, Nb, Ta, Ti, Y, Zr and REE) reside mostly in the unaltered apatite and zircon phenocrysts within the NDB bentonites. Negative Eu/Eu* anomalies are common in both igneous apatite and zircon; moreover, the magnitude of negative Eu/Eu* anomaly has been observed to correlate positively with magmatic fractionation (Hoskin et al., 2000; Belousova et al., 2002a Belousova et al., , 2002b Claiborne et al., 2010) . Negative Eu/Eu* anomalies in igneous apatite and zircon have largely been attributed to the partitioning of Eu into feldspar and the subsequent removal of feldspar from the melt during fractional crystallisation (e.g. Hoskin et al., 2000; Belousova et al., 2002a Belousova et al., , 2002b Hoskin & Schaltegger, 2003) , although Eu is redox sensitive, and consequently reducing conditions in the melt can also generate negative Eu/Eu* anomalies (Hoskin & Schaltegger, 2003; Trail et al., 2012) . Opaque accessory minerals are ubiquitous in the NDB bentonites (Thorez & Pirlet, 1979) and are probably the hosts for Cr and Ti. Anatase has been reported from some of the NBD bentonites (Anceau, 1993) and is another potential reservoir for Ti.
Classification and tectonic discrimination diagrams are widely used in geochemical studies of bentonites to infer original ash compositions and the tectonic settings of the source volcanoes where direct petrogenetic and geological constraints are not available. Their usage, however, is controversial. This is because many diagrams employ absolute elemental concentrations, which are difficult to apply to bentonites because diagenetic alteration may render elemental abundances dissimilar to those of the original unaltered volcanic ash (e.g. through residual enrichment or element mobility). Furthermore, several studies have raised concerns about the efficacy of a number of widely-used tectonic discrimination diagrams developed during the 1970s and 1980s (e.g. Wang & Glover, 1992; Snow, 2006; Li et al., 2015) . This is because such diagrams were constructed using limited datasets that under-represent the extent of geochemical variation in igneous rocks from different tectonic settings. Thus, caution should be exercised when using classification and discrimination diagrams, particularly for ancient altered volcanic rocks whose source cannot be established from field evidence. When sample trace element data from the Belgian bentonites are plotted on the Nb/Y versus Zr/TiO 2 discrimination diagram of Winchester & Floyd (1977) , the samples form a cluster within the trachyandesite and trachyte fields (Fig. 8A) . Studies by Christidis (1998) and Hill et al. (2000) have demonstrated that yttrium can be lost during the alteration of volcanic rocks to bentonites, and therefore the inferred alkalinity of the studied bentonites should be considered a maximum estimate. Using the two tectonic discrimination diagrams of Gorton & Schandl (2000) and Schandl & Gorton (2002) that employ elemental ratios, all but five samples plot within the active continental margins field (Fig. 8B-C) . Of the remaining five samples, the two samples from bentonite M and bentonite L1b from Sosoye plot in the within plate volcanic zones field, L6 from Engihoul quarry plots in the within plate basalts field and bentonite W12 plots in the oceanic arcs field (Fig. 8B) . 
Discussion
Lateral variations within bentonites L4 and L6
The geochemistry and mineralogy of most of the bentonites analysed do not vary much laterally. The exceptions are bentonites L4 to L6 from Awirs West and Engihoul quarries. There appears to be an up-section divergence in geochemistry between bentonites L3, L4 and L6 from these two quarries as: samples of bentonite L3 from each quarry are geochemically similar; samples of bentonite L4 exhibit similar trace element geochemistry apart from Eu/Eu* anomalies (Figs 6 -8) ; but samples of bentonite L6 show strong dissimilarities in trace element geochemistry (Figs 6 -8) . The reason(s) for these lateral variations are unclear. Miscorrelation is unlikely because of the uniformity of the stratigraphy: individual carbonate parasequences can be correlated reliably between these localities, which are <2 km apart (Fig. 1) , using parasequence thickness and the varying proportions of micritic and bioclastic limestone within the parasequences. Recent weathering, likewise, cannot account for all of the mineralogical differences. The mineralogical and geochemical differences are instead interpreted as real lateral variations in composition between these bentonites. The abundance of quartz and calcite in bentonites L4 and L6 at Engihoul quarry, the flat shale-normalised REE profile of bentonite L6 (Fig. 7) , and the absence of quartz and calcite from the same horizons at Awirs West quarry suggests that bentonites L4 and L6 from Engihoul quarry are contaminated by sedimentary detritus or have been affected by diagenetic fluids. Regardless of the cause, the data strongly suggest that the volcanogenic component has been diluted in bentonites L4 and L6 from Engihoul quarry, and to a greater extent in bentonite L6. This may explain why bentonite L6 from Engihoul quarry plots separately in Fig. 8B -C. As a consequence of this interpretation, data from bentonite L6 at Engihoul quarry is excluded from the following discussion about magmatic parentage.
Magmatic parentage and tectonic setting
Classification using the Nb/Y versus Zr/TiO 2 discrimination diagram (Fig. 8A) suggests that the studied bentonites were originally predominantly evolved, mildly alkaline to alkaline, trachyandesitic to trachytic ashes. As discussed above in section 5, the inferred alkalinity is a maximum estimate. Additional support for a mildly alkaline ash composition is obtained through comparison of geochemistry data from the NDB bentonites with equivalent data from Permian tonsteins (kaolinitic, diagenetically altered, volcanic ash layers) in the Songzao Coalfield, China (Dai et al., 2011;  Table 2 ). Dai et al. (2011) characterised three types of tonstein (mafic, silicic, and alkali) that were differentiated using TiO 2 /Al 2 O 3 ratios and a suite of trace and rare earth elements. In brief, alkali tonsteins show significant enrichment in Nb, Ta, Zr, Hf, REE, and Ga, whilst silicic tonsteins have low REE concentrations but exhibit the greatest fractionation between LREE and HREE (Dai et al., 2011;  Table 2 ). Using the same geochemical indices, NDB bentonites yield value ranges between and partially overlapping those of the silicic and alkali tonsteins (Table 2) . This is interpreted to support an intermediate (mild) alkalinity for the NDB bentonites.
The evolved, felsic magmatic parentage inferred for the NDB bentonites from the Nb/Y versus Zr/TiO 2 discrimination diagram (Fig. 8A) is further supported by the ubiquity of euhedral zircon, as well as the occurrence of splintery quartz (Thorez & Pirlet, 1979; Delcambre, 1989) , Li-rich chlorite pseudomorphs after Li-rich biotite (Anceau, 1996) and sizeable negative Eu/Eu* anomalies. The negative Eu/Eu* anomalies in the NDB bentonites are interpreted here as a primary magmatic, geochemical feature, as has been inferred in studies of other bentonites (e.g. Wray, 1995; Huff et al., 1996) . This is supported by the strong correlation between negative Eu/Eu* anomaly magnitude and Zr/TiO 2 ratios (Fig.  6) , which are sensitive to magmatic fractionation (Winchester & Floyd, 1977; Floyd & Winchester, 1978) . It is unlikely that the anomalies are caused by processes during diagenesis and burial metamorphism (Eu is redox sensitive and can be mobilised under highly reducing conditions; Sverjensky, 1984; Wray, 1995) and more probable that they are a magmatic feature preserved, at least in part, in the unaltered apatite and zircon phenocrysts.
Using the tectonic discrimination diagrams of Gorton & Schandl (2000) and Schandl & Gorton (2002) , the vast majority of samples plot within the active continental margins field ( Fig.  8B-C) . The bentonites also have negative Nb anomalies and are enriched in large ion lithophile elements and LREE compared to the HFSE (Fig. 3) , which are features of magmatism in an active continental margin setting (Pearce, 1982; Pearce & Peate, 1995; Baier et al., 2008) . These geochemical characteristics are, however, not unique to active continental margins and can occur in magmatic rocks from other tectonic settings; for example, magma generated in an anorogenic continental setting can gain arc-like geochemical characteristics through extensive crustal assimilation (Thompson et al., 1982; Pearce et al., 1984; Pearce, 2014) . Alternatively, the melting of subcontinental lithospheric mantle (SCLM) with an inherited subduction signature could also generate these geochemical characteristics (e.g. Turner et al., 1996; Benito et al., 1999) . Of the four samples that plot outside the active continental margins field in Fig. 8B , bentonite W12 plots within the oceanic arcs field, albeit very close to the boundary with the active continental margins field. This is likely a misclassification as the oceanic arcs field was defined based on a very limited dataset by Gorton & Schandl (2000) and bentonite W12 has very similar geochemical characteristics to the other NDB bentonites. Bentonite L1b plots inconsistently with the other three samples from bentonite L1 (Fig. 8B-C) . This is the only sample from bentonite L1 to contain significant carbonate (25.3% CaO); the high proportion of carbonate in this Table 2 . Comparison of whole-rock geochemistry data from Viséan NDB bentonites to Permian mafic, silicic and alkali tonsteins of the Songzao Coalfield, China (Dai et al., 2011) . Data are expressed as minimum and maximum ranges. Data from bentonite L6 at Engihoul quarry were excluded from the comparison.
bentonite probably arises because of brecciation towards the base of the bentonite and because of difficulties obtaining a pure sample from such a thin bentonite (maximum thickness of c. 2 cm). Elsewhere within the NDB, local pedogenesis of bentonite L1 has been reported (e.g. Poty & Hance, 2006a) . It is possible that the brecciation of L1b at Sosoye is related to pedogenesis, although further study is required to confirm this. The distinct geochemistry of bentonite L1b could be interpreted to indicate that bentonite L1 comprises several ashes from multiple distinct volcanic sources, although it is more likely that the high carbonate concentration in bentonite L1b has compromised the trace element geochemistry of this sample. The two samples from bentonite M, only one of which contains substantial limestone (M from Malonne), plot together in the within plate volcanic zones field in Fig.  8B -C. Euhedral zircons in bentonite M are dominated by monoprismatic zircons (N 4,5 and K subtypes; Delcambre, 1989 Delcambre, , 1996 , which are indicative of an anorogenic, alkaline source according to the zircon typology classification diagrams of Pupin (1980) . This is consistent with the within plate volcanic zones classification in Fig. 8B-C . In contrast, euhedral zircon populations in bentonites L1 -L3 and W1 -W12 have shapes that are indicative of an orogenic, calcalkaline series, rhyolitic magmatic composition (Delcambre, 1989 (Delcambre, , 1996 according to the classification diagrams of Pupin (1980) . Moreover, bentonite M contains abundant rounded zircons as well as tourmaline, rutile and sparse garnet which indicate detrital contamination. It is not clear whether these grains represent post-eruption detrital contamination or preeruption assimilation of country rock (Delcambre, 1996) . Regardless of their source, however, the possibility that non-volcanogenic additions have modified the whole-rock geochemistry of bentonite M cannot be excluded. Due to uncertainties regarding the geochemistry and age of bentonite M, the possible locations of the volcanoes which sourced this bentonite are not discussed.
Possible locations of the source volcanoes
The lack of coeval in situ extrusive igneous rocks within the NDB implies an extra-basinal volcanic source for the Viséan bentonites. Lateral bentonite thickness variations have been used to infer paleowind directions in other studies of bentonites (e.g. Elder, 1988; Kiipli et al., 2008) , although these are likely to be of limited use in this instance because of postdepositional Variscan deformation, particularly within the Ardenne Allochthon (Fig. 1) .
By comparing maximum grain sizes of phenocrysts in Permian bentonites from the Saar-Nahe Basin, Germany, with equivalent published data from recent volcanic eruptions, Königer et al. (2002) estimated that maximum ash transport distances were probably less than 300 km. Maximum transport distances of fine-grained volcanic particles are difficult to predict because they are influenced by several factors including the height of the eruption column, atmospheric conditions such as wind strength and direction, as well as grain size, density, shape and surface roughness (e.g. Walker, 1971; Wilson & Walker, 1987) . In general, however, crystal size decreases and aeolian fractionation occurs downwind of the vent; thus, dense minerals such as euhedral zircons with relatively smooth surfaces and small surface areas should experience relatively short transport distances (Königer et al., 2002) . The eruption column heights of the volcanoes that sourced the NDB bentonites are unknown. Likewise, wind patterns within western Europe during Viséan times are poorly constrained and their prediction is limited by uncertainties in regional paleogeographic reconstructions. Nevertheless, using the same approach as Königer et al. (2002) and comparing maximum zircon grain sizes to published data from other distal ash fall tuffs suggests maximum transport distance on the order of 180 to 350 km for maximum zircon grain sizes of between 150 (bentonite W8) and 400 µm (bentonite L2 at Lives-sur-Meuse). This estimate suggests a proximal volcanic source and excludes a source from within the Uralian orogenic belt (>3000 km away; present day distance). Furthermore, the short transport distances envisaged would have limited the amount of aeolian fractionation and thus it is conceivable that the trace element geochemistry of these bentonites still approximates that of the ashes at the eruption site(s).
Viséan volcanism is well documented within the UK and Ireland from areas including the Midland Valley, Scotland (Monaghan & Parrish, 2006) , Derbyshire (Timmerman, 2004) , and the Limerick Basin, Ireland (Strogen, 1988; Somerville et al., 1992) . In these areas, however, volcanism is of predominantly mafic composition and intra-plate affinity (Stephenson et al., 2003; Timmerman, 2004) , which is incompatible with the trachyandesitic to trachytic compositions inferred for the NDB bentonites.
Within the exposed remnants of the Variscan orogenic belt there are plutonic and volcanic rocks of similar age and geochemistry to the NDB bentonites. There are several known Viséan intermediate to felsic (SiO 2 55 -70%), high-Mg-K granitoid rocks (diorite, monzonite, syenite and granite; Schaltegger, 1997 ) that occur in a discontinuous belt parallel to the axis of the Variscan orogen ( Fig. 9A ; Finger et al., 1997; Schaltegger, 1997; Kotková et al., 2010; von Raumer et al., 2014) . Many of these granitoids, including those of southern Vosges and the Black Forest, were intruded into Viséan volcano-sedimentary sequences at shallow depths (Schaltegger et al., 1996; Schaltegger, 1997 Schaltegger, , 2000 . The geodynamic setting of these granitoids is debated, although it is generally agreed that they were derived from an enriched SCLM source, variably modified by crustal contamination (Schaltegger & Corfu, 1992; Finger et al., 1997; Schaltegger, 1997; von Raumer et al., 2014) . SCLM enrichment under the Variscan orogen has been suggested to have arisen from protracted subduction (von Raumer et al., 2014) . The geochemistry of the NDB bentonites is compatible with such a magmatic source; the subduction signature (negative Nb anomalies, enrichment of large ion lithophile elements and LREE over high field strength elements) could have originated from an enriched mantle source, or alternatively been acquired through crustal assimilation. Furthermore, available U-Pb dates from these intrusions cluster between 345 Ma and 330 Ma ( Fig. 9B ; summarised in Kotkova et al., 2010 and Tabaud et al., 2014) , and are thus indistinguishable from the U-Pb zircon CA-ID-TIMS dates obtained from the NDB bentonites (340 -332 Ma; Fig. 2 ). It is, therefore, possible that the NDB bentonites are an extrusive expression of these intrusions. Viséan volcanic and volcaniclastic rocks are preserved in sedimentary basins within the French Massif Central, southern Vosges and Black Forest regions (Fig. 9A) . Direct evidence of Viséan volcanism in the Bohemian Massif is sparse; however, volcanic clasts within Viséan conglomerates of the Drahany Culm Basin suggest Viséan volcanism was not restricted to the western parts of the Variscan orogenic belt (Zachovalová & Leichmann, 2003) .
Within the southern Vosges Basin, volcanic strata are observed at four levels in the middle to late Viséan sedimentary succession (Fig. 9C) . The oldest volcanic strata are shallow submarine, sub-alkaline, andesitic lavas and pyroclastics (Coulon et al., 1975; Lefevre et al., 1994; Lakhrissi, 1996) and predate bentonite L1 on the basis of available U-Pb ID-TIMS dates from volcanic horizons above and below this interval (c. 345 -342 Ma; Fig. 9C , Schaltegger et al., 1996) . The second oldest package of volcanic strata comprises subaqueous trachyandesitic to trachytic volcanic rocks overlain by subaerial lavas and ignimbrites of quartz latitic and rhyolitic composition that were principally derived locally from the Molkenrain stratovolcano (Coulon et al., 1979) . This volcanic package is dated to between c. 342 and 340 ± 2 Ma on the basis of U-Pb multi-grain zircon ID-TIMS analyses from rhyolites close to the base and top of the package (Schaltegger et al., 1996) , although there is complexity within the U-Pb dataset: a second rhyolite sample from the top of the volcanic package yielded a younger U-Pb date of 336 +3 / -5 Ma (Schaltegger et al., 1996) . Thus, it is unclear whether this volcanic interval is coeval or older than the Viséan NDB bentonites. Modern single-grain U-Pb zircon CA-ID-TIMS analyses from the southern Vosges volcanic rocks are needed to test further the synchronicity between this volcanic episode and the Viséan NDB bentonites. The two youngest volcanic packages comprise trachyandesitic and trachytic lavas and breccias, and rhyodacitic ignimbrites respectively ( Fig. 9C ; Coulon et al., 1975; Lakhrissi, 1996) . These volcanic packages have been assigned a late Viséan age (e.g. Coulon et al., 1975; Schneider et al., 1989) , although there are no direct absolute age constraints. Lithological similarities have been drawn between the thick (>400 m) rhyodacitic ignimbrites and the Tuff Anthracifères of the Massif Central, which are also subaerial, sub-alkaline dacitic to rhyolitic ignimbrites (Delfour, 1989; Schneider et al., 1989; Lardeaux et al., 2014) . The latter have been dated in two basins of the Massif Central using the U-Pb zircon ID-TIMS method and have yielded UPb dates of c. 332 -333 Ma (Bruguier et al., 1998; Fig. 9B) .
Within the Badenweiler-Lenzkirch zone, southern Black Forest, there are sub-alkaline high-K to shoshonitic dacitic and rhyolitic tuffs, lapilli tuffs, pyroclastic breccias and lava flows (Güldenpfennig & Loeschke, 1991; Schaltegger, 2000) which have been dated using the U-Pb zircon ID-TIMS method (c. 340 -332 Ma; Schaltegger, 2000) and are coeval with the NDB bentonites. In the Massif Central, rare trachytes and latites have been reported from late Viséan strata beneath the Tuff Anthracifères (Schneider et al., 1989) , although there are no absolute age constraints from these strata. The majority of middle to late Viséan volcanic rocks in both the Massif Central and southern Black Forest have a sub-alkaline geochemistry (Delfour, 1989; Güldenpfennig & Loeschke, 1991; Lardeaux et al., 2014) . Provided that the alkalinity estimates for the NDB bentonites based on Nb/Y ratios are representative of the original ashes, the southern Vosges Massif is a more likely source area than the Black Forest or Massif Central. This is because of the greater incidence of trachyandesite and trachyte volcanism reported from the southern Vosges Massif.
Comparison to late Baskhirian to Moscovian tonsteins of Western Europe
Numerous late Baskhirian to Moscovian (Westphalian) tonsteins are known from Late Carboniferous coaliferous basins across western Europe, including Britain, France, Belgium and Germany (e.g. Bouroz, 1967; Fiebig, 1967; Spears & Kanaris-Sotiriou, 1979; Delcambre, 1987 Delcambre, , 1996 . Based on trace element geochemistry, felsic Westphalian tonsteins of the Pennine, Campine and Ruhr basins were originally subalkaline, intermediate to felsic ashes (Fig. 8A) ; i.e, they are similarly evolved but less alkaline than the Viséan NDB bentonites. Some of the Westphalian tonsteins have been isotopically dated using the U-Pb zircon CA-ID-TIMS method, and have yielded c. 313 -318 Ma ages (Pointon et al., 2012; Waters & Condon, 2012) . These are significantly younger than the Viséan NDB bentonites; however, previous workers have hypothesised that these tonsteins were also derived from within the Variscan Orogenic Belt. Based on bed thickness and grain size variations, Bouroz (1967) suggested that Westphalian tonsteins within the Nord-Pas de Calais and Saar-Lorraine basins were derived from the southeast, possibly from the Vosges Massif or Black Forest. Subsequently, Spears & Kanaris-Sotiriou (1979) correlated several Westphalian tonsteins in the Pennine Basin, United Kingdom, with tonsteins in the Nord-Pas de Calais and Ruhr basins, and hypothesised that they shared a common volcanic source. Spears & O'Brien (1994) elaborated on this by suggesting that the British tonsteins were sourced from volcanoes related to I-type granitic plutons within the Variscan orogenic belt. These I-type plutons form a belt-like configuration over 1000 km long within the Alpine-Carpathian Chain (Spears & O'Brien, 1994; Finger et al., 1997) . It is noteworthy that age and inferred ash chemistry of the Viséan NDB bentonites and Westphalian tonsteins closely correspond with known magmatic pulses within the Variscan orogenic belt (cf. Finger et al., 1997; Schaltegger, 1997) . This strengthens the argument that these bentonites and tonsteins were sourced from the Variscan orogenic belt, and that selected trace elements within these layers provide a reliable record of original (unaltered) volcanic ash composition.
Conclusions
Whole-rock geochemical analysis of several Carboniferous (Viséan; Moliniacian to Warnantian) bentonites from the Namur-Dinant Basin, southern Belgium, was undertaken to provide insight into the original magmatic composition of these diagenetically altered volcanic ash layers. Their trace element geochemistry suggests most of the bentonites were originally trachyandesitic to trachytic ashes. A Variscan source for these bentonites is most likely based on proximity, and comparisons with zircon U-Pb isotopic age and whole-rock geochemistry data from literature sources. A source from within the Uralides or Britain and Ireland can be excluded on distance and geochemical grounds respectively. Within the Variscan orogenic belt, the southern Vosges region is the closest potential source area and contains volcanic rocks of comparable age and geochemistry. Provided that the alkaline parentage inferred from Nb/Y ratios for the NDB bentonites is accurate, then the southern Vosges region, where there is evidence of trachyandesite and trachyte volcanism, is a more likely source area than the Black Forest or Massif Central. There are a significant number of high Mg-K intrusions of compatible age in the Bohemian Massif but records of contemporaneous volcanism are sparse, making it difficult to evaluate whether this was a potential source area for the NDB bentonites. Significant ash contributions from the more distal Variscan massifs, such as those within the Alps, cannot be excluded, but are considered less likely because of the greater intervening distances between these massifs and the NDB during Viséan times.
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